Viral transformation of mouse and human ®broblasts has very dierent eects on the composition of cyclindependent kinase (Cdk) complexes. In human cells transformed by the large T-antigen of simian virus 40 (SV40 T-Ag) and human tumour cell lines that lack a functional retinoblastoma gene product (pRb) no cyclin D1-Cdk4 complexes can be detected because all the available Cdk4 is associated with the Cdk-inhibitor p16 INK4a . In contrast, SV40-transformed mouse cells and ®broblasts from Rb1-nullizygous mouse embryos contain normal levels of cyclin D1-Cdk4 complexes. To investigate this species dierence, we have compared the biochemical properties and expression of mouse p16
Introduction
The CDKN2a INK4a tumour suppressor gene on human chromosome 9p21 encodes a 16 kDa protein (p16 INK4a ) that speci®cally binds to and inhibits the activity of the cyclin-dependent kinases Cdk4 and Cdk6 (Serrano et al., 1993; Kamb et al., 1994; Nobori et al., 1994) . These kinases, in conjunction with their regulatory subunits, cyclins D1, D2 and D3, operate in the G1 phase of the cell cycle by initiating the phosphorylation and functional inactivation of the retinoblastoma protein (reviewed in Sherr, 1994; Weinberg, 1995) . The phosphorylation of pRb appears to be a critical component of the so-called restriction point in late G1 at which cells become committed to proceed with division irrespective of extracellular growth signals (Pardee, 1989; Weinberg, 1995) . The functions of the p16 and pRb tumour suppressors are therefore intimately connected and the two are viewed as components of the same pathway (reviewed in Strauss et al., 1995; Hall and Peters, 1996) . Loss of p16 function would in theory promote cell proliferation via the inactivation of pRb.
Several observations support this contention. First, tumour-speci®c mutations in p16 and pRb are generally mutually exclusive (Okamoto et al., 1994 (Okamoto et al., , 1995 Otterson et al., 1994; Aagaard et al., 1995; Shapiro et al., 1995; Washimi et al., 1995) . Second, the introduction of p16 by microinjection or by peptidemediated transport causes cells to arrest in G1, provided that p16 is added prior to the restriction point (Lukas et al., 1995b; FaÊ hraeus et al., 1996) . Third, the cell cycle arrest imposed by p16 is only apparent in cells that retain functional pRb (Guan et al., 1994; Okamoto et al., 1994; Koh et al., 1995; Lukas et al., 1995b; Medema et al., 1995; Serrano et al., 1995; FaÊ hraeus et al., 1996) . Indeed, in cells that lack pRb, the D-cyclins and their associated Cdks are essentially redundant (Lukas et al., 1994 (Lukas et al., , 1995a ). An interesting manifestation of this occurs in human tumour cell lines in which the lack of pRb correlates with the complete absence of the complexes between D-cyclins and either Cdk4 or Cdk6 (Xiong et al., 1993; Bates et al., 1994b; Tam et al., 1994; Parry et al., 1995) .
We recently showed that the high levels of p16 in transformed or pRb-negative human cells arise through two distinct mechanisms (Hara et al., 1996) . As originally postulated by Serrano et al. (1993) , the expression of p16 in human cells is negatively regulated by pRb Hara et al., 1996) . This occurs at the transcriptional level but the magnitude of the eect is not sucient to account for the approximately 50-fold dierence in steady state RNA levels observed in, for example, primary versus SV40-transformed human ®broblasts. The remaining dierence can be explained by the accumulation of p16 as cells approach their limit of population doublings in culture. Thus, senescent human ®broblasts contain substantially more p16 RNA and protein than early passage cells (Alcorta et al., 1996; Hara et al., 1996; Wong and Riabowol, 1996) . Although the extent to which p16 function contributes to the senescent phenotype has yet to be established, such observations provide a plausible explanation for the high frequency of p16 alterations observed in human tumour cell lines as opposed to primary tumours (reviewed in Hall and Peters, 1996) .
In our initial attempts to correlate cyclin D-Cdk complexes with pRb status, we noted a striking dierence between the results obtained with mouse cells versus human cells (Bates et al., 1994b) . Thus, cyclin D1-Cdk4 complexes appear to be unaected when mouse 3T3 cells are transformed with SV40 virus, in contrast to the subunit rearrangement noted in transformed human cell lines (Xiong et al., 1993; Bates et al., 1994b; Lukas et al., 1995a) . We have now investigated these dierences by comparing the biochemical properties, stability and transcriptional regulation of mouse and human p16. Contrary to previous reports (Quelle et al., 1995a) , we ®nd that the expression of mouse p16 is not aected by SV40 T-Ag or by the status of pRb. However, p16 RNA and protein accumulate signi®cantly as mouse embryo ®broblasts reach their limit of population doublings, suggesting that p16 contributes to the senescent phenotype in both species.
Results

Eect of pRb-status on cyclin D1-Cdk4 complexes
In examining the eects of viral transforming proteins, such as SV40 T-Ag, on the composition of cyclin D-Cdk complexes, we noticed a striking dierence between mouse and human cells (Bates et al., 1994b) . This is illustrated in Figure 1 which compares cyclin D1 immunoprecipitates prepared from mouse and human ®broblasts before and after transformation by SV40 TAg. The presence of Cdk4 in the immune complexes was assessed by immunoblotting. Cyclin D1-Cdk4 complexes were present in WI-38 human diploid ®broblasts but could not be detected in their T-Ag-transformed derivatives, VA13 ( Figure 1a and Xiong et al., 1993; Parry et al., 1995) and similar eects have been observed in comparing pRb-positive and -negative tumour cell lines (Bates et al., 1994b; Tam et al., 1994; Lukas et al., 1995a) . In contrast, Cdk4 could be coprecipitated with cyclin D1 in both SV40-transformed and non-transformed Swiss 3T3 cells (Figure 1b) . Direct immunoblotting of lysates con®rmed that all of these cells expressed equivalent amounts of Cdk4 (not shown) and also con®rmed the presence of T-Ag in the SV40-transformed cells (see Figure 1e) .
Since the absence of cyclin D-Cdk complexes in transformed human cells equates with the accumulation of p16 , we initially considered the possibility that long established mouse 3T3 cell lines may have sustained deletions in the p16 locus, as described for NIH3T3 cells (Linardopoulos et al., 1995; Quelle et al., 1995a) , or have defects in genes that regulate p16 expression. To avoid such complications, the analyses were repeated using mouse embryo ®broblasts from transgenic animals that express a temperature-sensitive SV40 T-Ag under the control of the g-interferon-responsive H-2K b promoter (Ikram et al., 1994) . As shown in Figure 1c , cyclin D1-Cdk4 complexes were detected in these cells (TMEFs) whether they were grown at the permissive (348C) or non-permissive temperature (38.58C) for T-Ag function. Direct immunoblotting of cell lysates con®rmed that T-Ag was barely detectable in the cells grown at the non-permissive temperature (Figure 1e) .
Finally, to exclude the remote possibility that SV40 T-Ag is unable to fully inactivate mouse pRb, we also compared ®broblasts derived from Rb1-nullizygous mouse embryos with those from wild-type littermates (Figure 1d) . Again, the mouse cyclin D1-Cdk4 complexes were unaected by the presence or absence of functional pRb. Similar results have been reported by Lukas et al. (1995a) .
Biochemical properties of mouse p16
To try to explain these dierences between mouse and human cells, we investigated the expression and biochemical properties of mouse p16
INK4a
. To this end, we isolated genomic and cDNA clones corresponding to the mouse homologues of p16 and the closely related p15 (unpublished results); the deduced sequences agreed with those reported by other groups (Jiang et al., 1995; Quelle et al., 1995a) . As discussed elsewhere, the proteins encoded by these cDNAs appear to represent true homologues of p15 and p16, Figure 1 Cyclin D1-Cdk4 complexes in transformed mouse and human cells. a ± d. Lysates prepared from logarithmically growing cultures of the indicated cell types were immunoprecipitated with a polyclonal antibody against the carboxy terminus of cyclin D1 in the presence (+) and absence (7) of competing peptide. The precipitated proteins were fractionated by SDS ± PAGE in a 12% gel, transferred to membranes and immunoblotted with an antiserum against Cdk4 (Bates et al., 1994b) . The pairs of cells analysed were WI-38 and VA13 cells (a), Swiss 3T3 and SV40-transformed Swiss 3T3 cells (b), TMEFs grown at 348C or at 38.58C (c) and ®broblasts from Rb1 nullizygous and wildtype mouse embryos (d). In (e) the presence or absence of SV40 T-Ag was veri®ed by immunoblotting the fractionated total cell lysates from the indicated cells although human p16 is more similar to mouse and human p15 than it is to mouse p16 (Jiang et al., 1995) . Mouse p16 also comprises 168 amino acids as opposed to the 156 in human p16 and shows dierent migration characteristics when analysed by SDS ± PAGE. Although it has been con®rmed that mouse p15 and p16 bind speci®cally to Cdk4 and Cdk6 in vitro (Quelle et al., 1995a and data not shown), we considered it possible that the minor sequence dierences between mouse and human p16 might in¯uence their biochemical properties in vivo. For example, Quelle et al. reported that in mouse erythroleukaemia cells, p16 binds preferentially to Cdk6 (Quelle et al., 1995a) , and this might potentially aect its ability to block the formation cyclin D-Cdk4 complexes. To explore this issue, lysates of unlabelled SV40-transformed Swiss 3T3 cells were immunoprecipitated with polyclonal antisera against mouse p15 or p16 and immunoblotted with antisera against Cdk4 and Cdk6 ( Figure 2a) . As shown by the sample of total cell lysate included as a control, these cells express much more Cdk4 than Cdk6. Whereas the p15 immunoprecipitate contained Cdk4 and Cdk6 in roughly the ratio observed in the total lysate, the Cdk6 signal was signi®cantly enhanced in the p16 immunoprecipitate ( Figure 2a) .
We also compared the half-lives of p16 in mouse and human ®broblasts because the ability of human p16 to compete with the D-type cyclins for binding to Cdk4 and Cdk6 may depend on its relative stability . In WI-38 human diploid ®broblasts, which express low levels of p16, its half-life was estimated to be approximately 18 h (Figure 2b ). In the SV40-transformed derivative line, VA13, which express much higher levels of p16, it appeared slightly less stable, with a calculated half-life of 12 h. When similar experiments were performed with Swiss 3T3 cells and their SV40-transformed derivatives (Figure 2c ), there was little dierence in either the levels of p16 or its half-life (8 ± 10 h). Although these data suggested that mouse p16 could be up to twofold less stable than its human counterpart, it seems unlikely that this can account for the dierent behaviour of the cyclin D-Cdk complexes in mouse cells. Mouse p16 is still about 20-fold more stable than cyclin D1.
p16 expression in pRb-de®cient mouse cells
Since the dierences in the properties of the mouse and human p16 were relatively minor, we next asked whether there were dierences in the regulation of the respective genes. We previously showed that SV40-transformed human ®broblasts express approximately 50-fold more p16 RNA than the primary ®broblasts from which they were derived and that this marked increase re¯ects two distinct processes: (i) the accumulation of p16 that occurs as cells approach replicative senescence and (ii) the existence of a negative feedback loop through which pRb regulates the transcription of p16 (Hara et al., 1996) . In human cells, which rarely undergo spontaneous immortalization, this feedback loop can only be rigorously demonstrated by comparing age-matched diploid ®broblasts that are either positive or negative for pRb function, for example due to expression of a DNA tumour virus oncoprotein Hara et al., 1996; Xiong et al., 1996) . This is illustrated in Figure   3a which compares the p16 RNA levels in SVts8 human ®broblasts grown at the permissive and nonpermissive temperature for T-Ag function (Hara et al., 1996) . The p16 levels are decreased approximately ®vefold when cells are shifted to the non-permissive temperature for T-Ag function.
In the mouse, this comparison is facilitated by the availability of spontaneously immortalized cell clones. Figure 3b compares the steady state levels of p16 RNA and protein in the various Rb-positive and negative mouse cell lines described in Figure 1 . A 1 kb p16 transcript, detected with an exon 1a probe, was observed in ®broblasts from Rb1
embryos, in Swiss 3T3 cells and SV40-transformed Swiss 3T3 cells, and in TMEFs grown at either 348C or 38.58C (Figure 3b ). Within the limits of such analyses, the levels of mouse p16 RNA relative to the loading control (GAPDH) were not aected by the presence or ]-methionine and chased with cold medium for varying times up to 36 h. The cell lysates were immunoprecipitated with antisera against mouse or human p16 as appropriate, fractionated by SDS ± PAGE in a 12% gel and the labelled p16 detected by autoradiography (upper panels). Note that the WI-38 and VA13 autoradiographs were exposed for dierent times. Figure 3c shows the results for Swiss 3T3 cells and TMEFs; equivalent amounts of p16 were detected in these cells irrespective of the presence of functional SV40 T-Ag.
We also performed nuclear run-on experiments to assess the transcriptional activity of the mouse p16 gene in the dierent cell lines. The 32 P-labelled RNAs synthesized in the isolated nuclei from these cells were hybridized to a series of immobilized DNA probes speci®c for mouse p15, exon 1a of mouse p16, and various positive and negative controls (Figure 4 ). There was no clear eect of SV40 T-Ag on the transcriptional activity of the p16 exon 1a promoter. In three independent experiments, in which the hybridization signals were quantitated by phosphorimaging, we never observed more than a 1.5-to twofold dierence between pRb-positive and pRb-negative cells. This contrasts with previous ®ndings using nuclei from human ®broblasts expressing a temperature-sensitive TAg and from pRb-positive and pRb-negative tumour cell lines (Hara et al., 1996) . In human cells, ablation of pRb results in an approximately ®vefold increase in the transcriptional activity of the exon 1a promoter.
Accumulation of p16 with population doublings in mouse ®broblasts
We next asked whether the second facet of p16 regulation operated in mouse cells, namely its accumulation at replicative senescence. Primary fibroblasts were prepared from 14 day BALB/c mouse embryos and passaged every 48 h until they reached senescence, after eight to ten population doublings. As illustrated in Figure 5a , p16 RNA detected with an exon 1a probe was barely detectable in early passage cells but accumulated signi®cantly in later passage cells. This accumulation of p16 was re¯ected at the protein level ( Figure 5b ) and was analogous to the accumulation of p16 RNA and protein observed in senescent human ®broblasts (Hara et al., 1996) . Immunoblotting for pRb protein con®rmed that whereas the young mouse ®broblasts (at two PDs) contained multiple forms of pRb, representing dierent states of phosphorylation, the senescent cells (at eight PDs) ) mouse embryos, from Swiss 3T3 cells and their SV40-transformed derivatives, and from TMEFs grown at 38.58C or 348C. Samples (10 mg) were fractionated in agarose gels containing formaldehyde, transferred to nylon membrane and hybridized with 32 P-labelled DNA probes. In (a) the human p16 RNA was detected using an exon 1a speci®c probe as described , with 28S ribosomal RNA as the loading control. In (b) the ®lters were hybridized with probes for mouse p16 exon 1a and rat GAPDH, as indicated. Note that the left and right hand panels represent separate experiments and no quantitative comparisons are intended. (c) Lysates prepared from the indicated cells were fractionated by SDS ± PAGE in a 15% gel, transferred to nylon membrane and immunoblotted with an antiserum speci®c for mouse p16. The immune complexes were detected by ECL The availability of primary ®broblasts (TMEFs) from transgenic mice expressing an inducible, temperature-sensitive SV40 T-Ag allowed us to ask a slightly dierent question, namely whether the accumulation of p16 occurred as a consequence of senescence rather than contributing to the phenotype. Primary TMEF cells can be grown continuously at the permissive temperature for T-Ag function and under these conditions they show no evidence of cellular senescence (Ikram et al., 1994) . However, when shifted to the non-permissive temperature, they adopt the characteristics of normal primary ®broblasts with the same passage history. When the p16 RNA levels were monitored as a function of population doublings, in TMEFs grown at the permissive temperature for T-Ag function, there was a steady increase in p16 expression that continued up to and beyond the point at which the cells would normally be senescent (Figure 6 ). In contrast, there was little variation in the p15 RNA levels. These data imply that the increase in p16 levels re¯ects the number of population doublings and does not occur as a consequence of cellular senescence.
Absence of the pRb feedback loop in primary mouse ®broblasts
The data in Figures 3 and 4 , indicating that the expression of mouse p16 is unaected by the status of pRb, were based on the analysis of spontaneously immortalized cells. To guard against the possibility that these post-senescent cells might harbour critical mutations aecting the regulation of p16, we repeated the analyses using primary TMEFs at early (four PDs) and late (515 PDs) passage and placed at the permissive and non-permissive temperatures for T-Ag function. Direct immunoblotting of p16 revealed the same relatively low levels in young TMEFs whether they were grown at 348C or 38.58C ( Figure 7a ). As a loading control, the same lysates were immunoblotted for Cdk4. Considerably more p16 was detected in the older TMEFs and again this level was unchanged when the cells were shifted to 38.58C. Finally, we con®rmed that, as shown for immortalized cells in Figure 1 Accumulation of mouse p16 RNA with population doublings. Primary TMEFs were grown at the permissive temperature for T-Ag function (348C) and total RNA prepared after 3, 6, 9 and 12 population doublings (PDs). Samples (10 mg) were fractionated in an agarose gel containing formaldehyde, transferred to nylon membrane and hybridized sequentially with probes speci®c for mouse p16 exon 1a, mouse p15 and rat GAPDH were no apparent dierences in the status of cyclin D1-Cdk4 complexes in the primary TMEFs, irrespective of their age or pRb function (Figure 7b ).
Discussion
The original impetus for these studies was the striking dierence in the eects of viral transformation on cyclin D-Cdk complexes in mouse and human cells (Figure 1 and Xiong et al., 1993; Bates et al., 1994b; Lukas et al., 1995a) . Indeed, the ®rst observation of p16 was as a protein that became associated with Cdk4 and Cdk6 when human ®broblasts were transformed by SV40 (Xiong et al., 1993) . In these cells, as well as in pRbnegative human tumour cell lines, the levels of p16 are suciently high that they sequester all the available Cdk4 and Cdk6 . We and others have subsequently shown that the accumulation of human p16 under these circumstances re¯ects a number of dierent properties of the gene and its product. For example, p16 RNA and protein are remarkably stable (Hara et al., 1996 and Figure 2b) ; the human p16 gene is negatively regulated by pRb at the transcription level Hara et al., 1996) ; and p16 RNA and protein accumulate as human cells approach their ®nite life-span in tissue culture (Alcorta et al., 1996; Hara et al., 1996; Loughran et al., 1996; Rezniko et al., 1996; Wong and Riabowol, 1996) .
To determine why the cyclin D-Cdk complexes behave dierently in mouse cells, we asked whether some or all of these properties of p16 are shared by the mouse homologue. Only minor biochemical dierences could be discerned between the mouse and human p16 proteins, such as the preferential association of mouse p16 with Cdk6 (Figure 2a and Quelle et al., 1995a) and the slighly lower half-life of the mouse protein ( Figure  2c ). The signi®cance of these dierences remains unclear but they are unlikely to explain the persistence of cyclin D1-Cdk4 complexes in transformed cells. Mouse ®broblasts generally express low levels of Cdk6 (Figure 2a ) and mouse p16 is still an order of magnitude more stable than cyclin D1. In other experiments (not shown), we have con®rmed that mouse p16 RNA is also very stable, at least as judged by blocking transcription with actinomycin-D, and that the levels do not¯uctuate signi®cantly during the cell cycle, analogous to our previous ®ndings with the human p16 gene (Hara et al., 1996) .
It is also clear that mouse p16 levels increase substantially with population doublings, both in normal BALB/c mouse ®broblasts and in primary embryo ®broblasts expressing temperature sensitive TAg (Figures 5 and 6 ). The eects are analogous to those observed in primary human ®broblasts but since they occur much more rapidly, it now seems unlikely that they re¯ect passive accumulation as we previously speculated (Hara et al., 1996) . Mouse ®broblasts senesce after about eight to ten PDs, depending on the age of the embryos from which they are derived, but show a propensity to undergo spontaneous immortalization. Signi®cantly, the data in Figure 6 indicate that the accumulation of p16 does not occur as a consequence of the growth arrest associated with senescence since it is apparent in TMEFs that escape senescence as a result of T-Ag function.
The major dierence we detected between the mouse and human p16 genes relates to their regulation by pRb. In contrast to the situation in human cells, we found no dierences in the steady state levels of p16 RNA or protein in matched pairs of pRb-positive and negative mouse cells (Figure 3 ) and no dierences in the transcription rates as judged by nuclear run-on assays (Figure 4) . We went to considerable lengths to exclude the eects of cellular age by comparing matched populations of ®broblasts from Rb1 +/+ and Rb1 7/7 embryos as well as post-senescent TMEFs grown at the permissive and non-permissive temperatures for T-Ag. Finally, to avoid the possibility that spontaneous immortalization might have aected p16 regulation, we also compared p16 levels in both early and late passage primary TMEFs grown at the permissive and non-permissive temperatures ( Figure  7) . In both young and old cells, the status of pRb had no discernible eect on p16 expression. Analogous experiments with human ®broblasts revealed an approximately ®vefold increase in p16 expression in cells containing functional T-Ag, irrespective of their age (Figure 3a and Hara et al., 1996) . Although we have not undertaken a detailed analysis of promoter activity, the nucleotide sequence extending approximately 1 kb upstream of the AUG initiation codon in mouse p16 bears little resemblance to the corresponding region of the human gene (unpublished results of S Brookes); approximately 870 bp of DNA from the Cdk4 -
Figure 7 Expression of p16 in primary TMEFs and lack of correlation with pRb status. Primary TMEFs were cultured at 348C, and at passage 4 (young) or passage 515 (old) some of the cells were shifted to 38.58C for 72 h. In (a) samples of total protein were analysed by immunoblotting with antisera against p16 and Cdk4, as indicated. In (b) samples of total protein were immunoprecipitated with antiserum against cyclin D1 and immunoblotted with Cdk4 serum, as in Figure 1 human p16 promoter are sucient to confer regulation by pRb (Hara et al., 1996) . Our results contradict an earlier report on the cloning and characterization of mouse p16 (Quelle et al., 1995a) . Among the criteria used to identify mouse p16 was the assertion that in a keratinocyte cell line, p16 expression was increased by transformation by SV40 T-Ag. This is clearly not the case in any of the ®broblast cell lines analysed here. While there may be dierences in the regulation of p16 in dierent cell types, another possible explanation would be that the probe used in the previous report would have cross-reacted with the exon 1b as well as the exon 1a transcripts speci®ed by the p16 locus (Quelle et al., 1995a,b) . However, our results con®rm and provide a partial explanation for previous observations that cyclin D-Cdk complexes persist in transformed and pRb-negative mouse ®broblasts (Bates et al., 1994b; Lukas et al., 1995a) . Thus, in contrast to the situation in pRb-negative human cell lines, the moderate levels of p16 in mouse cell lines and late passage primary cells may not be sucient to block all the interactions between D-cyclins and Cdk4 or Cdk6.
Paradoxically, these ®ndings raise questions about the role of p16 in establishing the senescent phenotype because the levels achieved in late passage cells are evidently unable to prevent the formation of cyclin D-Cdk complexes. One possibility is that the residual complexes are inactivated by the p21 CDKN1 inhibitor which also accumulates in senescent ®broblasts (Noda et al., 1994) , but the stoichiometry of the p16-Cdk4 and cyclin D-Cdk4 complexes in senescent cells warrants further investigation. It should be stressed, however, that the persistence of complexes in senescent cells is not unique to mouse cells; the same phenomenon has been observed in senescent human ®broblasts (unpublished observations of M Starborg and the authors; also see Alcorta et al., 1996) . On the other hand, p16 has many of the attributes expected of a senescence mediator and it has recently been reported that ®broblasts from p16 nullizygous mice immortalize at a very high frequency, presumably indicative of a failure to senesce (Serrano et al., 1996) . Moreover, the higher frequency of p16 deletions and mutations observed in human tumour cell lines as opposed to primary tumours likely re¯ects selection in culture, as a means of escaping senescence, and several studies have provided good evidence for a correlation between loss of p16 function and immortalization (Loughran et al., 1994 (Loughran et al., , 1996 Rogan et al., 1995; England et al., 1996; Noble et al., 1996; Rezniko et al., 1996) . Although the current data imply that this selective pressure may be less critical for mouse cells, there is evidence that the mouse p16 gene also acts as a tumour suppressor. For example, some established cell lines shown homozygous deletion of the genomic DNA, the relevant regions of mouse chromosome 4 and of rat chromosome 5 are aected by deletions in animal tumour models (Hegi et al., 1994; Herzog et al., 1994; Knapek et al., 1995; Linardopoulos et al., 1995) and the p16 nullizygous mice show a high incidence of tumours (Serrano et al., 1996) .
The apparent dierences in the regulation of p16 in mouse versus human ®broblasts raise some interesting questions. The absence of a negative feedback loop between pRb and p16 in mouse cells and the lack of any discernible¯uctuations in p16 levels during the cell cycle make it dicult to imagine what function the feedback loop might serve. Similarly, most of the current data would be consistent with a role for p16 in establishing the so-called M1 mortality stage (Wright and Shay, 1992) , so what purpose would be served by the further increase in p16 seen in human cells whose life-span has been extended by SV40 T-Ag? Finally, if p16 is contributing to the senescent phenotype, it is intriguing to consider whether the dierences described here are linked to the relative ease with which mouse cells can be immortalized in culture.
Materials and methods
Cell culture
All cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% foetal calf serum (FCS). Various types of mouse and human ®broblasts were used in these studies. WI-38 are normal human diploid ®broblasts (ATCC, CCL75) and VA13 cells were derived by transformation of WI-38 cells with SV40 virus (ATCC, CCL75-1). The WI-38 cultures were at a relatively early passage, with estimated population doublings (PDs) of about 20 to 25. SVts8 cells were derived from the TIG3 strain of human diploid ®broblasts and express a temperature sensitive allele of SV40 T-Ag (Tsuyama et al., 1991) . Swiss mouse 3T3 cells and their SV40-transformed derivatives were obtained from the ICRF Cell Production facility. The exact provenance and passage histories of these cells have not been recorded but the presence of SV40 T-Ag was con®rmed by immunoblotting. Primary mouse embryo ®broblasts (MEFs) were obtained from BALB/c mice at embryonic day 14 and passaged at 2 day intervals until they reached senescence, after approximately 10 population doublings (PDs). MEFs from Rb1-nullizygous mice (isolates 1-8B and 1-8D) and their wild-type counterparts (1618A) were obtained from Dr Tyler Jacks (Whitehead Institute, Cambridge, MA). Analogous Rb1 7/7 ®broblasts (ME3) at passage 20 were provided by Dr Jiri Bartek (Danish Cancer Society, Copenhagen). We also analysed primary and late passage embryo ®broblasts derived from transgenic mice that express the tsA58 temperaturesensitive allele of SV40 T-antigen under the control of the g-interferon-responsive H-2K b promoter (Ikram et al., 1994) . These cells were normally cultured in the presence of 10 units of recombinant mouse g-interferon per ml at the permissive temperature for T-Ag function (348C). To inactivate T-Ag, the cells were grown at 38.58C in the absence of interferon.
Antisera
Polyclonal antisera against cyclin D1, Cdk4 and Cdk6 have been previously described (Bates et al., 1994a,b) . An antiserum against mouse p15 (DPAR13) was generated using the carboxy terminal peptide as the immunogen and for anity puri®cation. The antiserum against mouse p16 (DPAR14) was raised using the bacterially expressed, histidine-tagged protein and puri®ed on Protein ASepharose. The speci®cities of these antisera were con®rmed by their ability to immunoprecipitate the respective proteins synthesized by translation in vitro. SV40-large Tantigen was detected using monoclonal antibody 419, and pRb using monoclonal antibody 14001A (from Pharmingen).
Immunoprecipitation and immunoblotting of cell proteins
Cell extracts were prepared from *10 7 cells by lysis in 1 ml ice-cold NP40-buer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP40, 0.1 mM sodium¯uoride, 0.1 mM sodium orthovanadate, 100 mg/ml phenylmethylsulphonyl¯uoride (PMSF) and 2 mg/ml aprotinin). The lysates were centrifuged to remove debris and 900 ml of the supernatant mixed with 5 ml of antiserum on ice for 60 min. Where appropriate, the anti-peptide sera were preincubated for 60 min at 378C in the presence or absence of cognate peptide as described (Bates et al., 1994a) . Immune complexes were collected on Protein A-Sepharose beads (Pierce) and washed four times in 1 ml of NP40 lysis buer and once in 50 mM Tris-HCl (pH 7.5). The beads were resuspended in 20 ml of 26 sample buer and boiled for 5 min.
Protein samples were fractionated by electrophoresis in sodium dodecyl sulphate (SDS)-polyacrylamide gels according to standard protocols. Coloured 14 C-labelled protein markers (Amersham) were included in each gel as molecular weight standards. The proteins were transferred to Immobilon-P membranes (Millipore) under semi-dry conditions and detected with secondary antibodies as previously described (Bates et al., 1994a) . The polyclonal rabbit antisera were used at a 1 : 500 dilution in phosphate-buered saline (PBSA) containing 5% milk powder and 0.2% Tween-20 (blocking buer). After a 1 h incubation at room temperature, immune complexes were detected using a 0.1 mCi/ml dilution of S-methionine-labelled samples, the gels were directly ®xed for 30 min in acetic acidmethanol, treated with Enlightning (NEN) for 30 min, and dried on 3 MM paper. Autoradiography was performed with Kodak XAR5 ®lm at 7708C.
For direct immunoblotting of cell proteins, total cell lysates were fractionated by electrophoresis in SDS-polyacrylamide gels according to standard protocols and the proteins transferred to nitrocellulose membranes (Schleicher and Schuell) as described (Bates et al., 1994a) . Mouse p16 was detected using the rabbit polyclonal antibody (DPAR14) against bacterially expressed histidine-tagged protein. The antibody was used at a 1 : 1000 dilution in blocking buer at 48C overnight and the immune complexes were visualized by enhanced chemiluminescence (ECL, Amersham).
DNA probes
Probes speci®c for the alternative ®rst exons of p16 (exons 1a and 1b) were generated by PCR ampli®cation using sequence information provided by D Quelle and C Sherr, St Jude Children's Research Hospital, Memphis, TE). The mouse p15 cDNA was isolated from a library prepared from mouse lung RNA (Stratagene) and encompassed the sequences described by other groups (Jiang et al., 1995; Quelle et al., 1995a) . Plasmids containing cDNA for rat GAPDH or human g-actin were used to derive control probes.
RNA analysis
Total RNA was prepared by extraction in guanidinium isothiocyanate/phenol/chloroform (Chomczynski and Saachi, 1987 ) using the RNAzol agent (Cinna/Biotecx Laboratories) and 10 mg samples were denatured and fractionated by electrophoresis in 1.2% agarose gels containing 2.2 M formaldehyde. After transfer to Hybond N + membranes (Amersham), the RNAs were hybridized to DNA probes labelled with [ 32 P]dCTP by priming with random oligonucleotides. Hybridization was performed at 658C for 14 to 18 h in a buer containing 15% formamide, 0.4 M sodium phosphate, pH 7.0, 0.1% bovine serum albumin and 7% SDS (Palmero et al., 1993) . Filters were washed in 40 mM sodium phosphate and 1% SDS at 658C and exposed to Kodak XAR5 ®lm.
Nuclear run-on assays
Approximately 1610 8 cells were resuspended in 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.5% (v/v) NP40 and incubated on ice for 5 min. The nuclear pellets were recovered by centrifugation at 500g and washed twice by resuspension in 10 ml of the same buer. The pelleted nuclei were resuspended in storage buer (50 mM Tris-HCl, pH 8.3, 40% (v/v) glycerol, 5 mM MgCl 2 , 0.1 mM EDTA) and frozen in liquid nitrogen in portions of 100 ml, each corresponding to 1610 7 nuclei. After thawing, the nuclei were mixed with 100 ml of reaction buer (10 mM TrisHCl, pH 8.0, 5 mM MgCl 2 , 300 mM KCl, 0.5 mM each of ATP, CTP, GTP and 100 mCi of [a-32 P]UTP (800 Ci/mmol, Amersham) and incubated for 20 min at 288C. RQ1 DNaseI (Promega) was added to a ®nal concentration of 10 units/ml and the incubation was continued for 5 min at 288C. After adding 200 ml of STE buer (100 mM TrisHCl, pH 7.5, 50 mM EDTA, 0.5% SDS) and 20 ml of proteinase K (10 mg/ml, preincubated at 378C for 1 h) the samples were incubated for 1 h at 408C. Nuclear transcripts were separated from unincorporated nucleotides on Sephadex G-50 columns equilibrated with 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1% SDS. The labelled RNA was boiled for 3 min, chilled on ice and hybridized to a panel of plasmid and PCR-generated DNA probes (*15 mg of each) immobilized on a Hybond N + nylon membrane (Amersham). Hybridization was carried out as described above for Northern blotting, for 48 ± 72 h at 658C. The ®lters were washed twice at 658C in 40 mM sodium phosphate and 1% SDS at 658C and exposed to Kodak XAR5 ®lm. The radioactive signals were quantitated by phosphorimage analysis (Molecular Dynamics).
